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Abstract Two vertical-external-cavity surface-emitting laser
(VECSEL) systems producing ultraviolet (UV) radiation at
235 nm and 313 nm are demonstrated. The systems are suitable
for quantum information processing applications with trapped
beryllium ions. Each system consists of a compact, single-
frequency, continuous-wave VECSEL producing high-power
near-infrared light, tunable over tens of nanometers. One sys-
tem generates 2.4 W at 940 nm, using a gain mirror based on
GaInAs/GaAs quantum wells, which is converted to 54 mW of
235 nm light for photoionization of neutral beryllium atoms. The
other system uses a novel gain mirror based on GaInNAs/GaAs
quantum-wells, enabling wavelength extension with manage-
able strain in the GaAs lattice. This system generates 1.6 W at
1252 nm, which is converted to 41 mW of 313 nm light that is
used to laser cool trapped 9Be+ ions and to implement quan-
tum state preparation and detection. The 313 nm system is also
suitable for implementing high-fidelity quantum gates, and more
broadly, our results extend the capabilities of VECSEL systems
for applications in atomic, molecular, and optical physics.
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1. Introduction
Quantum information processing (QIP) technology based
on atomic physics is steadily emerging from research labora-
tories and moving into commercial development [1]. Often
the selection of the atomic system for a particular QIP ap-
plication is determined more by the availability of suitable
lasers than by atomic properties. This is especially appar-
ent with atomic species requiring ultraviolet (UV) laser
sources, whose cost and reliability present obstacles. One
important example is the beryllium ion (9Be+), which has
several properties advantageous for QIP. The low ion mass
helps to achieve high secular trapping frequencies [2], al-
lowing for faster quantum gates and ion transport opera-
tions [3,4], along with stronger Coulomb-mediated coupling
between ions in separated-trap arrays [5, 6]. Comparable
high-fidelity two-quantum bit (qubit) gates can typically
be implemented with less laser intensity than is needed for
heavier ion species [7]. Reducing laser requirements may be
critical for scaling to larger processors [2,8–11] and eventual
fault-tolerant operation. Another attractive feature of 9Be+
ions is the ∼1.3 GHz ground state hyperfine splitting, ac-
cessible with low-cost microwave electronics and relatively
simple antennas. Qubits stored in 9Be+ hyperfine states
have exhibited coherence times of several seconds [12] and
single-qubit gate errors of 2.0(2)×10−5 [13]. Furthermore,
two-qubit gates between 9Be+ hyperfine qubits have been
demonstrated with an error of 8(4)×10−4 [14], the lowest
reported in any physical system to date.
Beryllium QIP experiments typically use laser light at
235 nm to photoionize neutral atoms, and at 313 nm for laser
cooling, state preparation, quantum gates, and measurement.
The relevant features of the 9Be+ energy level structure
are shown in Figure 1. Light at 235 nm is often generated
by nonlinear frequency conversion of lasers operating at
940 nm, including titanium-sapphire lasers (both pulsed and
CW), and semiconductor lasers [15]. Light at 313 nm has
been generated with nonlinear frequency conversion of light
from dye lasers [16], and more recently from fiber lasers [15,
17] and semiconductor diode lasers [18–20]. Very recently,
laser control of beryllium ions was demonstrated using a
spectrally-tailored optical frequency comb near 313 nm [21].
Vertical-external-cavity surface-emitting lasers (VEC-
SELs), also known as optically-pumped semiconductor disk
lasers offer are a promising alternative to the approaches
listed above [22]. VECSELs combine the advantages of
solid-state external-cavity disk lasers with those of quantum-
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Figure 1 Energy levels relevant to QIP with beryllium ions. a)
Energy levels of neutral 9Be for photoionization with 235 nm light.
b) Energy levels of 9Be+. Light near 313 nm is used for laser cool-
ing, state preparation and detection, repumping, and multi-qubit
quantum gates based on stimulated Raman transitions. Additional
repump light resonant with 2S1/2|2,1〉 ↔ 2P1/2|2,2〉 is omitted for
clarity.
well semiconductor lasers, and have made considerable
progress over the last decade [23]. Due to the high qual-
ity of the external cavity, photons of the lasing mode have
lifetimes that are much longer than the upper-state lifetime
of the gain medium. Furthermore, amplified spontaneous
emission is suppressed by the cavity and therefore the broad
spectral pedestal due to amplified spontaneous emission that
is generally present in fiber lasers, diode lasers, and tapered-
amplifier systems is largely absent in VECSELs [24]. The
external cavity geometry of VECSELs enables both high-
power and single-frequency operation, with near-diffraction-
limited output beam quality, in a relatively compact pack-
age. The semiconductor gain material permits a wide tuning
range and can be engineered for emission over a broad
range of wavelengths. Additionally, the laser used to opti-
cally pump the gain material is not constrained to a narrow
absorption band as is typical in solid-state lasers. The rela-
tively high power and beam quality of VECSELs emitting
in the near-infrared can allow efficient nonlinear frequency
conversion to the visible and the UV. Previously, we demon-
strated VECSEL systems for the generation and manipula-
tion of trapped magnesium ions [25]. Here, we extend this
approach by demonstrating VECSELs for the generation
and manipulation of trapped beryllium ions, presenting two
new VECSEL-based laser systems that generate 235 nm
light and 313 nm light.
Heat sink BRFEtalon
Output 
coupler
PZTPump
VECSEL
Isolator
Visible
Light
Ultraviolet
Light
Optical 
fiber
Gain 
mirror
Infrared
Light
UV 
doubler
TEC
Visible
doubler
b)
a)
Energy 
(a.u)
Intensity
(a.u)
0
1
Pump
Signal
Quantum well Window layer
Barrier/spacer
Active regionDBR Diamond/
air
Lasing cavity mode (standing wave)
Substrate/
diamond
Valence band
profile
Conduction
band profile
Strain compensation layer
Band gap, Eg
Vertical optical distance
z (λ/div)
Figure 2 Diagram of the VECSEL-based ultraviolet laser system.
a) Schematic semiconductor band gap energy structure of a VEC-
SEL gain mirror. b) VECSEL cavity configuration with two stages
of external frequency doubling.
2. Laser systems and characterization
2.1. Semiconductor gain mirror growth and
packaging
Each VECSEL contains a gain mirror composed of a dis-
tributed Bragg reflector (DBR) mirror and an active region
with strain compensation layers, quantum wells (QWs), bar-
rier/spacer layers, and a window layer, as shown in the
schematic band diagram in Figure 2 a. The pump photons
(shown in blue, having energy higher than the band gap
Eg of the barriers) are absorbed in the structure and gen-
erate charge carrier pairs in the valence and conduction
bands. These carriers are captured in the quantum wells via
diffusion and fast thermal relaxation, and then recombine
emitting lower energy signal photons (shown in red). The
window layer, having a larger band gap than the barriers,
prevents non-radiative recombination in the semiconduc-
tor surface, whereas the tensile strain compensation layers
reduce the cumulative compressive strain of the quantum
wells. The DBR is designed for the laser signal wavelength
and locks the phase of this optical field inside the gain mir-
ror (intensity plotted with red below the band gap diagram).
As the gain of a quantum well is proportional to the optical
field intensity, the quantum wells are placed in the intensity
maxima of the lasing cavity mode (i.e. in the anti-nodes of
the resonator standing wave). This ordering is called reso-
nant periodic gain (RPG) and maximizes the total gain of
the gain mirror. A more detailed description of VECSEL
gain mirror technology and material systems can be found
for example in [23, 26]. Both gain mirrors used in this work,
for the 940 nm VECSEL in the 235 nm system and for the
1252 nm VECSEL in the 313 nm system, were grown using
solid-source molecular beam epitaxy (MBE) and are based
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3on GaIn(N)As QWs embedded in GaAs barriers. With this
material system we can construct lasers with wavelengths
from the low-900 nm to high-1200 nm range with more than
1 W of output power.
Due to the substantial wavelength difference between
the two VECSEL systems described here, the gain mir-
ror designs also have different layer structures. The active
region of the 940 nm device is comprised of 24 GaInAs
QWs distributed in the anti-nodes of the calculated res-
onator standing wave pattern inside the gain mirror, with
two QWs per anti-node (12×2). The total number of QWs
is relatively large in this case due to the shallow, low indium-
content, GaInAs QWs in the GaAs barriers. The reduced
carrier confinement and the resulting poor efficiency is the
main mechanism limiting the minimum wavelength of the
GaInAs/GaAs material system [27].
In comparison, the 1252 nm gain mirror contains only 10
GaInNAs (so-called dilute-nitride) QWs, again distributed
in the anti-nodes of the calculated resonator standing wave
pattern, two per anti-node (5×2). The high indium-content
QWs at 1252 nm have good confinement for the carriers so
that fewer QWs are needed than at 940 nm. The number of
anti-node regions, 12 in the 940 nm gain mirror compared to
5 in the 1252 nm one (number ratio of 2.4), is however more
dependent on the pump absorption length, and the physical
thicknesses of the two different active regions are similar
(ratio of 1.4) due to the wavelength dependence. Without
nitrogen, the high indium content at 1252 nm would dete-
riorate the crystal quality due to the high cumulative strain
caused by the large lattice mismatch between the QWs and
the GaAs barriers. However, insertion of a small percent-
age of nitrogen into the QWs enables the growth of these
structures by directly decreasing the lattice mismatch, and
also by decreasing the band-gap energy, so that a smaller
concentration of indium can be used. As poor crystal quality
results in poor optical properties, the cumulative strain is
the main limiting mechanism for the upper wavelength of
the GaInAs/GaAs system [23]. Dilute nitrides extend this
range, but growing them is technically challenging [28].
Consequently, as described below, the 1252 nm gain mirror
delivers nearly twice the single-frequency output power at
1231 nm than at the target wavelength of 1252 nm, suggest-
ing room for future improvement.
For proper VECSEL operation, the temperature of the
gain mirror must be stabilized, and the heat from pump
laser dissipation must be removed. With the 940 nm gain
mirror we used a standard flip-chip cooling method where
the heat flows from the active region through the DBR
to the heat spreader. The gain mirror was grown active-
region-first on a GaAs substrate, followed by the GaAs/AlAs
DBR. The gain mirror was then diced into 2.5×2.5 mm2
chips and the DBR back surface of each chip was bonded
to a 3×3×0.3 mm3 synthetic multi-crystal diamond heat-
spreader. After bonding, the GaAs substrate was removed
with a combination of mechanical lapping and wet etch-
ing. An ion-beam-sputterred (IBS) anti-reflection (AR) coat-
ing was applied to the top surface of the approximately
5 µm-thick semiconductor structure for reduced reflection
of pump and laser light and for protection of the gain chip
surface. Finally, the diamond back surface was soldered to
a gold-plated copper heat sink for efficient heat extraction.
For the 1252 nm gain mirror, we chose a different cool-
ing geometry better suited to devices operating at longer
wavelengths that are challenging to grow. The 1252 nm gain
mirror (with active and DBR regions) was first diced into
3×3 mm2 chips and the active-region surface of each was
liquid-capillary bonded to a transparent heat spreader. The
advantage of this so-called intra-cavity cooling configura-
tion is that the low-thermal-conductivity DBR is not in the
heat path between the hot active region and the heat spreader.
Conversely, since the intra-cavity beam now passes through
the heat spreader, this component has to be of good optical
quality. We used a 3×3×0.25 mm3 synthetic single-crystal
diamond heat spreader, polished with a 2-degree angle be-
tween facets to suppress spurious etalons. The top surface
of the diamond was soldered to a copper heatsink with an
opening for the intra-cavity beam to access the gain mirror.
Finally, the diamond top surface was AR-coated (using the
IBS method) to minimize intra-cavity loss and etaloning. We
obtained better results at 1252 nm with intra-cavity-cooled
gain mirrors than with flip-chip-cooled gain mirrors. For
the 940 nm gain mirrors, we tested only flip-chip devices,
which are often preferred because multi-crystal diamond
heat spreaders are more easily sourced and lower cost than
single-crystal ones.
Both VECSEL cavities (Figure 2 b) consist of a gain
mirror and an output-coupler mirror (OC, Layertec1, ∼ 2%
transmission, 200 mm radius of curvature, 12.7 mm di-
ameter), spaced approximately 125 mm apart (giving a
∼1.2 GHz free spectral range (FSR)). To provide single-
frequency operation and coarse tuning, we used the fol-
lowing intra-cavity elements: a Brewster-angled birefrin-
gent filter (BRF, single quartz plate, 3 mm thickness,
New Light Photonics, model BIR0030) and an etalon (yt-
trium aluminium garnet, 1 mm thickness, Light Machinery,
model OP-3167-1000). Both these elements are actively
temperature-stabilized. For fine tuning and stabilization
of the VECSEL output frequency, the small OC mirror is
mounted on a ring-shaped piezo-electric transducer (PZT,
CTS Ceramics, model NAC2123-A01), which allows the
cavity length to be adjusted. The gain mirror is optically
pumped by a high-power, multi-mode diode laser (typically,
Coherent, model M1F2S22-807.3-40C-SS2.6T3) emitting
near 808 nm, which is fiber coupled and focused (Oz Optics,
model LPF-D4-808-200/240-QM-2.2-12-6.2AS,13.9AS-35-
5HPL-3A-1.5) to produce a ∼ 200µm beam waist (radius)
on the gain-mirror surface. Although the pump absorp-
tion band of the gain material is very broad, high-power
diode lasers emitting near 808 nm were selected, as these
are readily available and relatively inexpensive, and the
gain mirror pump absorption length was optimized accord-
1 To foster understanding, a range of commercial components
and suppliers are identified in this paper. Such identification does
not imply recommendation or endorsement by the National In-
stitute of Standards and Technology, nor does it imply that the
components identified are necessarily the best available for the
purpose.
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ingly. The gain mirror copper heatsink is mounted on a
thermo-electric cooler (TEC) for temperature stabilization
and control. The TEC is water-cooled using a micro-channel
heat exchanger and a low-vibration chiller (important for
narrow-linewidth laser operation). The VECSEL cavity com-
ponents are mounted on an Invar (low coefficient of thermal
expansion) baseplate that is housed in an O-ring-sealed en-
closure for stable operation. We have found that removing
intra-cavity water vapor, by including a desiccant inside the
laser enclosure and purging with dry nitrogen, improves
frequency stability and output power at wavelengths where
water absorption lines are present.
Pump alignment is performed by imaging the sponta-
neous emission and scattered pump light from the gain chip
using a CMOS camera and a high magnification zoom lens
(Thorlabs, model MVL7000) with neutral-density filters
to attenuate the light as needed. The distance between the
pump focusing optics and the gain chip is adjusted to achieve
the targeted spot diameter and intensity profile. Gaussian
or super-Gaussian intensity profiles with a laser-mode-to-
pump-spot ratio larger than 0.8 are typically preferred for
single-mode operation [29]. Coarse alignment is performed,
with the OC, BRF, and etalon removed, by retro-reflecting
a beam from an external visible alignment laser from the
gain chip surface. The OC is then inserted and adjusted so
that the secondary reflection from the OC is reflected back
onto the gain mirror. Finer cavity adjustment to establish
lasing is performed by monitoring the output just beyond the
OC mirror with a high-gain, large-area photodiode (Thor-
labs, model PDA50B2). Long-pass filters placed before the
photodiode strongly attenuate scattered pump light while
transmitting spontaneous emission and laser output. Lasing
is achieved by adjusting the OC mirror to increase the pho-
todiode signal. The multi-mode laser output power (without
BRF and etalon installed) is optimized not only by adjusting
the pump beam and OC mirror alignments but also the gain
mirror set-point temperature. The Brewster-angled BRF is
then inserted into the cavity and the OC mirror is tilted to
correct for the BRF’s displacement of the intra-cavity beam
and to re-establish lasing (using the photodiode method de-
scribed above). Finally, the etalon is installed and aligned to
achieve lasing again.
In single-mode operation of the VECSELs, coarse-range
tuning (in ∼80 GHz steps over ∼10 THz) is achieved
by BRF rotation, as well as by adjusting the BRF set-
point temperature (0.1 THz–1 THz range at ∼37 GHz/K).
Intermediate-range tuning is achieved by tilting the etalon
and adjusting its temperature (1 GHz–100 GHz range at
∼ -3 GHz/K, ∼80 GHz FSR). Fine tuning is achieved by
adjusting the laser cavity length using the output-coupler
PZT (0.01 GHz–1 GHz, ∼30 MHz/V). By simultaneously
tuning the etalon temperature and the laser cavity length, it
should be possible to achieve mode-hop-free tuning over
∼7 GHz (equivalent to approximately six times the cavity
FSR) limited by the ∼3 µm maximum travel of the cavity
PZT.
2.2. The 235nm laser source
Performance characteristics of the 940 nm VECSEL are
shown in Figure 3. With 14.5 W of pump power, the tun-
ing range is ∼30 nm, and the slope efficiency at 940 nm
is 27(1)% for single-frequency operation. To estimate the
VECSEL linewidth, we analyze the beat note signal be-
tween the 940 nm VECSEL output and that of a free-running
titanium-sapphire (TiS) laser (M-Squared Lasers, model
SolsTiS, nominal linewidth <50 kHz), with the VECSEL
frequency-offset locked to the TiS laser [30]. From the spec-
tral width of the beat signal, we determine the linewidth of
the VECSEL to be <100 kHz. This is considerably less than
the linewidth of relevant atomic transitions and sufficiently
narrow that frequency fluctuations will not be converted to
significant amplitude fluctuations by subsequent resonant
frequency doubling stages.
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Figure 3 a) Single-mode output power at 940 nm as a function
of wavelength with 14.5 W pump power, obtained by rotating the
BRF and tuning etalon temperature at each wavelength. b) Out-
put power at 940 nm versus 808 nm pump power. A linear fit to
the data (solid line) gives a slope efficiency of 27(1) %. Power
measurement uncertainty is 5 % and the wavelength accuracy
uncertainty is 0.002 nm.
The output of the 940 nm VECSEL is coupled into a
high-power polarization-maintaining (PM) optical fiber that
delivers light to the first of two second-harmonic genera-
tion (SHG) enhancement cavities. This 940 nm to 470 nm
frequency-doubling cavity is locked to the single-frequency
output of the VECSEL using the Pound-Drever-Hall (PDH)
method [31]. Following the design by Hsiang and colleagues
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Figure 4 Measured output powers and efficiencies of frequency-
doubling stages used in the 940 nm VECSEL system. a) The
470 nm power (blue circles), and the 470 nm to 940 nm power
ratio (orange diamonds), versus the input power at 940 nm. b) The
235 nm power (blue circles) and the 235 nm to 470 nm power ratio
(orange diamonds) versus the input power at 470 nm. Uncertainty
in all power measurements is 5 %.
[15], frequency doubling to 470 nm is implemented using
a periodically-poled potassium titanyl phosphate (PPKTP)
nonlinear optical crystal (Raicol Crystals, 20 mm length).
The performance of the VECSEL-driven 470 nm source
is shown in Figure 4 a. With 0.48(2) W at 940 nm we ob-
tain 0.27(1) W at 470 nm. While this is more than suffi-
cient for our application, we note that the 940 nm power to
the doubling cavity could be further increased. However,
cavity-locking instabilities due to apparent thermal lensing
in the crystal prevent reliable locking above ∼ 0.50 W at
470 nm [15, 32].
The second stage of frequency doubling, from 470 nm
to 235 nm, is implemented using an enhancement cavity
design [15], adapted from an earlier 313 nm design [17],
that uses a Brewster-angled BBO crystal. The performance
of the 235 nm frequency doubling stage is shown in Figure 4
b. With 0.27(1) W at 470 nm we obtain 54(3) mW at 235 nm,
and a maximum power ratio of approximately 20 %. For
context, this UV power is approximately 50 times greater
than the power we typically use to photo-ionize beryllium
atoms to load them into an ion trap.
2.3. The 313nm laser source
Initial characterization of the 1252 nm VECSEL was per-
formed by measuring the output power and wavelength tun-
ing range of the laser (Figure 5). In multi-longitudinal mode
operation (with BRF and etalon removed), a maximum out-
put power of 3.5(1) W at 1231 nm, and a slope efficiency of
15.8(3) % was measured (Figure 5 b). In single-frequency
operation (with BRF and etalon installed), we measured a
reduced slope efficiency of 14.7(3) % and an output up to
3.0(1) W at 1231 nm due to the additional loss from the intra-
cavity elements. When tuned to the target wavelength for
our application (1252 nm), a slope efficiency of 12.5(2) %
and output up to 1.63(5) W were obtained. We are able to
tune the VECSEL over a 50 nm range. This is limited at
lower wavelengths by the available gain chip cooling power.
We note that roll-over in the output power at the highest
pump power was not observed, suggesting that higher out-
put power could be achieved by increasing the pump power.
We anticipate fabricating future gain mirrors with peak gain
close to the target wavelength by optimizing the active re-
gion thickness and the QW number and composition.
For conversion of 1252 nm light to 626 nm, a com-
mercial, fiber-coupled, periodically-poled lithium-niobate
waveguide doubler (NTT Electronics Corp, model WH-
0626-000-A-B-C) is used. The temperature of the waveg-
uide is controlled by a TEC to maintain the quasi-
phase matching condition. For this conversion stage, with
1.63(5) W of 1252 nm power from the VECSEL we obtain a
maximum power of 0.53(3) W at 626 nm, and a power ratio
of 33(2) % (including loss from the fiber coupling into the
waveguide). The maximum power at 626 nm is limited by
the available 1252 nm power. We note that 2.4 W at 671 nm
has been generated using a similar waveguide-based SHG
device [33].
The 626 nm light from the waveguide doubler is coupled
into a PM optical fiber and delivered to a cavity-enhanced
SHG setup [17] that uses a Brewster-angled BBO crystal
for conversion to 313 nm. With 0.33(2) W input power we
obtain 41(2) mW at 313 nm.
To estimate the spectral linewidth of the 1252 nm VEC-
SEL, we analyze the beat note signal between the 626 nm
output of the waveguide doubler and the output of a
frequency-stabilized fiber-laser-based 626 nm source sim-
ilar to that described in [17]. Following the approach de-
scribed above for the analysis of the 940 nm VECSEL, the
1252 nm VECSEL is frequency-offset locked to the fiber-
laser source [30]. From the spectral width of the beat signal,
we estimate the linewidth of the 1252 nm VECSEL to be
<110 kHz. This is also considerably less than the linewidths
of relevant atomic transitions and sufficiently narrow that
frequency fluctuations will not be converted to significant
amplitude fluctuations by the resonant UV frequency dou-
bling stage.
3. Tests with beryllium atoms and ions
The VECSEL systems were tested with neutral 9Be and
9Be+ ions in two different experimental setups.
Copyright line will be provided by the publisher
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Figure 5 a) Output power of the 1252 nm VECSEL as a func-
tion of wavelength in single-frequency operation at 40.3 W pump
power, obtained by rotating the BRF and adjusting the etalon
and gain chip temperatures at each wavelength to optimize the
output power. b) The measured VECSEL output powers, under
three different operating conditions, versus the input power of the
808 nm pump laser. Solid lines are linear fits used to determine
slope efficiencies. Uncertainty of power measurement at each
data point in a) and b) is 3 %.
Photoionization with the 235 nm VECSEL system was
tested on a thermal beam of neutral beryllium atoms. The
thermal beam was generated by resistively heating a length
of beryllium wire spiral-wound onto tungsten support wire.
The beam was weakly collimated using a 2.5 mm diame-
ter aperture. Immediately beyond the aperture, the atomic
beam intersected with a perpendicular 235 nm laser beam
near-resonant with the 1S0 to 1P1 transition and focused to
an intensity of ∼80(20) kW/m2 at the center of the atomic
beam. For comparison, the saturation intensity of this transi-
tion is∼8.7 kW/m2 [34]. Ions are produced by a two-photon
process (see Figure 1 a). On resonance, the first photon ex-
cites the neutral atom to the 1P1 state and a second photon
excites the electron to the continuum. These ions are counted
using a Channeltron electron multiplier (CEM) (Photonis
Magnum 5901 Electron Multiplier) with a bias potential of
-1.7 kV.
With the neutral atomic beam flux held constant, we
record the ion count rate as a function of the VECSEL
frequency to obtain a photoionization lineshape (Figure
6). Maximum photoionization rates are measured at a
VECSEL frequency of 319.0200(6) THz, corresponding to
1,276.080(2) THz in the UV, consistent with the recent pre-
cision measurement of the 1S0 to 1P1 transition [34]. The
central feature of the photoionization lineshape includes
contributions from the natural linewidth of 87(5) MHz [34],
power broadening by a factor of ∼2.4(3), and 1.3(2) GHz
of residual Doppler broadening from imperfect collimation
of the atomic beam [35]. A Voigt model [35] including only
these mechanisms shows good agreement with the central
feature. The origin of the weak off-resonant photoionization
(the broad pedestal feature of the lineshape) has not been
investigated.
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Figure 6 Count rate measured by the CEM as a function
of the quadrupled VECSEL (UV) frequency detuning from
1,276.080(2) THz. The central peak is overlaid with a Voigt model.
Count rate measurement uncertainty is estimated to be 4 %.
The 313 nm laser source was used to perform Doppler
cooling, resonant detection and repumping in an established
trapped-ion system described in [36]. For convenience, we
stabilized the 626 nm light produced by the frequency-
doubled VECSEL to 626 nm light produced by a fiber laser
system that is part of the trapped-ion setup [17]. We used
the 313 nm laser source for Doppler cooling single 9Be+
ions loaded in the trap. The frequency-quadrupled light at
313 nm was then tuned across the 2S1/2|2,2〉 ↔ 2P3/2|3,3〉
cycling transition using an acousto-optic modulator (AOM).
Fluorescence photons were collected by an optical imaging
system and counted using a photo-multiplier tube (PMT).
The resulting spectrum is shown in Figure 7 a. Within laser-
intensity uncertainties, the lineshape obtained with the VEC-
SEL source is identical to that obtained with our fiber laser
source.
To test repumping with the VECSEL source, the laser
is tuned into resonance with the 2S1/2 ↔ 2P1/2 transition
of 9Be+ (Figure 1 b). We swept the frequency across the
atomic transition using an AOM. In this experiment, a sin-
gle 9Be+ ion was prepared in the |1,1〉 state by first optical
pumping to the |2,2〉 state and then applying a microwave pi
pulse resonant with the |2,2〉↔ |1,1〉 transition. Repumping
light is then applied for various durations, ideally repumping
Copyright line will be provided by the publisher
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Figure 7 a) Spectroscopy of the 2S1/2|2,2〉↔2 P3/2|3,3〉 cycling
transition with UV light from the 313 nm VECSEL source. Each
data point indicates the mean of 300 experimental repetitions each
with a 330 µs detection period. The solid line is a Lorentzian fit to
the data. b) Probability of measuring 2S1/2|2,2〉 after repumping
from the 2S1/2|1,1〉 state with UV light from the 313 nm VECSEL
source. The solid curve is an exponential fit. Data points indicate
the mean of 300 repetitions. Error bars in a) and b) indicate the
standard deviation of the mean.
the ion to the |2,2〉 state for subsequent fluorescence detec-
tion with light resonant with the 2S1/2|2,2〉 ↔ 2P3/2|3,3〉
cycling transition (see Figure 1 b). The detection in each
experiment yields a binary outcome; the ion either fluo-
resces significantly or it does not. By setting a threshold of
10 counts, we can reliably assign a 0 or 1 to the outcome
of a given experiment. For each duration, the population
of |2,2〉 is determined by calculating the mean of the re-
sults from 300 experimental repetitions. The repump time
τ = 0.55(4) µs is determined by fitting the exponential func-
tion 1− e−t/τ , where t is the repumping pulse duration, to
the data in Fig. 7 b. Accounting for laser-intensity differ-
ences, the repumping obtained using the VECSEL system
is indistinguishable from that obtained with our fiber laser
source.
4. Conclusion
In summary, we have presented two widely-tunable VECSEL-
based laser sources capable of implementing tasks required
for quantum information processing experiments involving
trapped 9Be+ ions. The first system generates up to 2.4 W
single-frequency light at 940 nm and is frequency doubled
twice to generate 235 nm light for photoionization of neutral
Be. The second system produces up to 1.6 W at 1252 nm
which is converted to 313 nm by two stages of frequency
doubling, and can be used for Doppler cooling, detection,
and repumping of trapped 9Be+ ions. We note that the large
tuning range of the 940 nm VECSEL system presented in
this work could allow for generation of light near 313 nm by
third harmonic generation [20]. The inherent power scala-
bility of the VECSEL design should allow the generation of
higher output power [22], which is desirable for mitigating
spontaneous emission errors associated with quantum-logic
gates using far-detuned stimulated Raman transitions [7].
Further improvements to overall system efficiency could be
achieved using intra-cavity second harmonic generation [37].
Together with previous demonstrations of VECSEL sys-
tems for trapped magnesium ions [25] and also considering
the wide range of infrared frequencies accessible to these
systems, our work shows that VECSELs, when combined
with well-established and efficient frequency conversion
techniques, will facilitate quantum information processing
technologies based on atomic species requiring ultraviolet
laser sources.
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